The tumor level of TIMP-1 has been suggested as a new prognostic marker in breast cancer. The purpose of this study was to investigate whether TIMP-1 also carries prognostic information when measured in blood as this is a much more preferable material compared with tumor extracts. Using ELISA, TIMP-1 was measured in prospectively collected preoperative plasma and serum samples from 519 patients with primary breast cancer, and the measurements were related to patient outcome. The median age of the patients was 58 years (range, 38 -80 years), and the median follow-up time was 1043 days (range, 300 -1630 days). Plasma and serum TIMP-1 measurements correlated significantly with each other with a Pearson correlation coefficient of 0.75 (p < 0.0001). For univariate survival analysis, patients were divided into quartiles according to increasing TIMP-1 levels (Q1-Q4). Analysis of all patients showed that high TIMP-1 plasma levels were significantly associated with a shorter disease-free survival. Subgroup analysis showed that plasma TIMP-1 significantly predicted the prognosis of node-negative patients but not of node-positive patients. Importantly plasma TIMP-1 was able to further stratify low risk node-negative patients. High serum TIMP-1 levels were associated with a shorter disease-free survival; however, the association was not statistically significant. In contrast, serum TIMP-1 significantly predicted the prognosis of node-negative and low risk patients. In multivariate survival analysis of node-negative patients including all the classical prognostic parameters, plasma TIMP-1 remained significantly associated with prognosis when comparing Q1 with Q2 and Q4. Serum TIMP-1 remained significant when comparing Q1 with Q4. Taken together, this study is to our knowledge the first large prospective study suggesting that TIMP-1 carries independent prognostic information when measured in blood, especially plasma. This was especially true in the node-
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First line treatment of patients diagnosed with primary breast cancer is surgical removal of the tumor with or without adjuvant radiotherapy. Subsequently patients may be offered adjuvant systemic therapy depending on a prognostic evaluation. Today prognosis is estimated using both classical prognostic parameters (lymph node status, tumor size, grade of malignancy, and age) as well as HER2/neu gene expression (1) . In addition, estrogen/progesterone receptor status is used by some as a predictive factor and by others as a prognostic and predictive factor. Axillary lymph node status is currently recognized as the best clinical discriminate between a good and poor prognosis. Based on these prognostic factors patients are allocated to different risk groups, i.e. low risk, intermediate risk, or high risk group. Patients in the low risk group are offered minimal or no adjuvant therapy following removal of the primary tumor. In contrast, intermediate risk and high risk patients are recommended adjuvant systemic therapy. Unfortunately it is becoming increasingly clear that the currently available prognostic parameters are relatively inadequate to precisely define the prognosis of individual patients (2) . In this regard, a substantial proportion of breast cancer patients allocated to the intermediate risk or high risk group are given adjuvant therapy although they are not in need of this treatment. These patients are therefore overtreated. Also some patients who are allocated to the low risk group and therefore do not receive adjuvant therapy do nevertheless experience recurrence of the disease, and these patients are therefore undertreated. Thus, additional prognostic markers, which can be used either alone or in combination with the traditional markers, need to be identified to ensure a more precise stratification and thereby a more effective management of breast cancer patients.
Tissue inhibitor of metalloproteinases-1 (TIMP-1) 1 is a naturally occurring inhibitor of the matrix metalloproteinases (MMPs), and several studies have demonstrated that the tumor tissue level of TIMP-1 is increased in a number of malignancies including breast cancer. In addition, the increased level of TIMP-1 has been shown to be associated with a poor prognosis of breast cancer patients, and accordingly TIMP-1 has been suggested as a new potential prognostic marker in breast cancer (3-7). So far, most of the studies investigating the prognostic value of TIMP-1 have been performed on tumor tissue extracts. However, due to the fact that effective diagnostic methods and thus earlier detection of the disease have made it increasingly difficult to acquire frozen breast tumor samples, other more accessible materials for TIMP-1 measurements need to be identified. In this regard, results from a recent study including 71 patients have indicated that TIMP-1 measured in serum also carries prognostic information in breast cancer (8) . This is a very important finding because blood is a much more preferable material compared with tumor tissue extracts. Sample collection is easy and non-invasive, and samples can be taken continuously throughout the treatment. Thus, the aim of the present study was to validate and investigate further the previous preliminary finding concerning the prognostic value of TIMP-1 in blood. In addition, we wished to analyze whether both serum and plasma samples were suitable for TIMP-1 tumor marker studies. We therefore measured TIMP-1 in prospectively collected preoperative plasma samples as well as in the corresponding serum samples from 519 patients with primary breast cancer. The results showed that the measurements were associated with each other and with patient outcome.
EXPERIMENTAL PROCEDURES
Patients and Sample Collection-Blood samples were collected from a total of 685 women from a prospective, standard operative procedure-driven study. All individuals had undergone surgery at Rigshospitalet, Copenhagen, Denmark and were consecutively included in the period of [2002] [2003] [2004] [2005] [2006] . A total of 166 women were excluded from the study; 67 women had benign tumors, 22 women had recurrence of disease, and 77 women could not follow guidelines for treatment, and therefore no follow-up was registered. This resulted in 519 patients with primary breast cancer that were included in the present study. For 10 of these 519 patients, plasma samples were not available, and for 10 other patients, serum samples were not available. Thus, 509 patients were available for analysis of plasma and serum, respectively. Primary surgical procedures included mastectomy or lumpectomy alone or in combination with radiotherapy. The median age of the patients was 58 years (range, 38 -80 years). The median follow-up time was 1043 days (range, 300 -1630 days). The end point used in the statistical survival analyses was disease-free survival (DFS). During the follow-up a total of 82 patients had an event; 40 patients experienced recurrence of disease, 32 patients died, and 10 patients were diagnosed with another malignancy. Clinicopathological data registered for the patients were provided by the Danish Breast Cancer Cooperative Group. The lymph node status was known for all patients of which 242 (48%) had lymph nodepositive tumors. A total of 364 (70%) patients were postmenopausal. The hormone receptor status was known for 503 of the patients of which 418 were hormone receptor-positive. Patients allocated to the low risk group (145 patients, 28%) did not receive any adjuvant therapy, whereas intermediate risk and high risk patients (374 patients) were given chemotherapy (cyclophosphamide, epirubicin, and 5-fluorouracil or cyclophosphamide, methotrexate, and 5-fluorouracil), endocrine treatment (tamoxifen or an aromatase inhibitor), or a combination of both. Some patients received trastuzumab. Low risk patients were in this patient material defined as patients over the age of 35 years with lymph node-negative tumors smaller than 2 cm with malignancy grade 1 and that were hormone receptor-positive. Intermediate risk and high risk patients (in the following termed high risk patients) were defined as patients with lymph node-positive tumors or lymph node-negative tumors with one of the following characteristics: age below 35 years, tumor size above 2 cm, tumors with malignancy grade 2 or 3, or hormone receptor-negative.
Blood samples were collected from the patients preoperatively (on average 4 days from operation, 90% CI ϭ 1-19 days) following a standardized protocol. Plasma samples were prepared by collecting blood in EDTA tubes, which were left on ice immediately following sampling and until centrifugation. Serum samples were prepared by collecting blood in empty tubes and left at room temperature (for a maximum of 30 min) until centrifugation. Samples were centrifuged for 10 min at 4000 rpm after which plasma and serum were transferred to new tubes and immediately stored at Ϫ80°C until TIMP-1 measurements. The samples had only undergone one freeze/thaw cycle before the measurements were conducted.
The study was approved by the ethics committee. All patients entered in the study signed an informed consent.
TIMP-1 Measurements-The level of total TIMP-1 was measured in each serum and plasma sample using an established and highly validated in-house ELISA (9) . In brief, wells were coated with a polyclonal sheep anti-TIMP-1 antibody overnight at 4°C. Following coating, wells were incubated with the sample (diluted 1:101 in sample dilution buffer). All samples were run in duplicate. TIMP-1 was detected by incubation with a monoclonal anti-TIMP-1 antibody (Mac15). Finally wells were treated with a secondary alkaline phosphatase-conjugated rabbit anti-mouse antibody, and p-nitrophenyl phosphate was added as a substrate. Color development was measured spectrophotometrically at 405 nm. KinetiCalc II software (Bio-Tek Instruments, Winooski, VT) was used for calculation of TIMP-1 concentrations. On every plate, serial dilutions of recombinant TIMP-1 were included to allow for determination of TIMP-1 concentrations in individual samples. As internal control, duplicates of a control plasma pool were included on every plate. All incubations were performed in volumes of 100 l for 1 h at 30°C. Details regarding buffers and other analytical conditions have been published previously (9) .
Statistical Analysis-The SAS software package was used to analyze the data. For analysis of association between the level of TIMP-1 and traditional clinicopathological parameters and DFS, patients were divided into four groups (Q1-Q4) of equal size according to increasing TIMP-1 levels as specified in the figure and table legends. Associations were tested by using 2 tests. The Kaplan-Meier method was used to estimate survival probabilities in the univariate survival analysis, and the groups were compared by the log rank test. The Cox proportional hazard model was used for multivariate analysis. Patients with missing values were excluded from the calculations. When a parameter had more levels, all levels were included in the test for significant effect. p values less that 5% were considered significant.
RESULTS

TIMP-1 Measurements-TIMP-1
was measurable in all of the included plasma and serum samples. The mean TIMP-1 plasma concentration was 96.7 ng/ml (range, 45.5-498.1 ng/ ml), and the mean TIMP-1 serum concentration was 152.1 ng/ml (range, 49.6 -515.6 ng/ml). There was a significant correlation between measurements in the two types of specimens (Pearson correlation coefficient ϭ 0.75, p Ͻ 0.0001). The association between TIMP-1 measurements and the traditional prognostic parameters used in breast cancer today is summarized in Table I for both plasma and serum. For the analysis, patients were divided into quartiles according to increasing TIMP-1 levels (Q1-Q4, specified in the figure and table legends) where Q1 is the group with the lowest TIMP-1 levels. As is evident from Table I , TIMP-1 in plasma was significantly associated with age and menopausal status (p ϭ 0.0001 and p ϭ 0.0001, respectively) and in serum with age (p ϭ 0.001). More importantly, neither plasma nor serum TIMP-1 levels were correlated with lymph node status.
Univariate Survival Analysis-Plasma samples were available from 509 patients. For survival analysis, patients were divided into the four groups (Q1-Q4) as mentioned above. As can be seen in Fig. 1A , patients with high plasma TIMP-1 levels had a significantly shorter DFS compared with patients with lower TIMP-1 plasma levels (p ϭ 0.0159). Analysis of patients with node-negative (plasma samples were available from 269 of the 271 node-negative patients) and node-positive tumors (n ϭ 248) separately showed that high plasma TIMP-1 levels significantly predicted a shorter DFS in the node-negative group (Fig. 1B , p ϭ 0.0181) but not in the node-positive group (p ϭ 0.2897, data not shown).
Serum samples were available from 509 patients. As is evident from Fig. 2A , increasing serum levels of TIMP-1 were associated with a shorter DFS; however, this association was not statistically significant (p ϭ 0.1565). However, the subgroup analysis revealed that high serum TIMP-1 levels were significantly associated with a shorter DFS in the node-negative group of patients (Fig. 2B , p ϭ 0.0347, serum samples were available from 267 of the 271 node-negative patients). In the node-positive group, no significant association was found (p ϭ 0.8782, data not shown).
Importantly when analyzing separately the subgroup of patients with node-negative tumors defined as low risk patients (n ϭ 145) based on the traditional prognostic parameters, TIMP-1 significantly predicted DFS when measured both in plasma (Fig. 1C, p ϭ 0 .0019, plasma samples were available from 143 patients) and in serum (Fig. 2C, p ϭ 0 .0204, serum samples were available from 143 patients). No significant association was found in patients with high risk node-negative tumors for either plasma or serum (p ϭ 0.2725 and p ϭ 0.6731, respectively, data not shown). Taken together, TIMP-1 was found to be associated with prognosis in primary node-negative breast cancer, especially when measured in plasma, even within patients in the low risk group already defined using the currently available prognostic parameters. Other prognostic factors that were significantly associated with DFS in univariate survival analysis were age (p ϭ 0.001), tumor size (p ϭ 0.022), tumor grade (p ϭ 0.002), and hormone receptor status (p Ͻ 0.0001).
Multivariate Survival Analysis-To investigate whether TIMP-1 was an independent predictor of DFS, we performed multivariate analysis with respect to all the clinicopathological parameters for the node-negative group of patients (Table II) . Concerning plasma TIMP-1 and using Q1 as the base line it was found a Plasma TIMP-1 groups: Q1, 1-75 ng of TIMP-1/ml of plasma; Q2, 76 -88 ng of TIMP-1/ml of plasma; Q3, 89 -109 ng of TIMP-1/ml of plasma; and Q4, 110 -600 ng of TIMP-1/ml of plasma.
b Serum TIMP-1 groups: Q1, 1-127 ng of TIMP-1/ml of serum; Q2, 128 -145 ng of TIMP-1/ml of serum; Q3, 146 -166 ng of TIMP-1/ml of serum; and Q4, 167-600 ng of TIMP-1/ml of serum.
that Q2 (p ϭ 0.026, hazard ratio ϭ 5.671, 95% CI ϭ 1.23-26.24) and Q4 (p ϭ 0.012, hazard ratio ϭ 7.054, 95% CI ϭ 1.54 -32.3) remained, as the only prognostic parameters, significantly associated with DFS in a multivariate model of node-negative patients including all the traditional prognostic parameters, suggesting that plasma TIMP-1 carries independent prognostic information in node-negative breast cancer. When comparing Q1 with Q3, plasma TIMP-1 was not significant in the multivariate model (p ϭ 0.123, hazard ratio ϭ 3.480, 95% CI ϭ 0.71-16.99). The overall p value for all four groups reached borderline significance (p ϭ 0.058). For serum TIMP-1, borderline significance was retained when comparing Q1 with Q3 (p ϭ 0.061, hazard ratio ϭ 3.652, 95% CI ϭ 0.94 -14.17). When comparing Q1 with Q4 serum TIMP-1 remained significantly associated with DFS (p ϭ 0.020, hazard ratio ϭ 4.757, 95% CI ϭ 1.29 -17.62). The overall p value for all four groups was 0.098.
DISCUSSION
In breast cancer, a significant proportion of node-negative breast cancer patients are offered adjuvant therapy, although many of these patients are cured by the primary surgery alone and therefore do not need the treatment. Instead they may suffer from the substantial side effects often caused by the drugs. A minor proportion of the node-negative patients are allocated to the low risk group, and accordingly they are spared from adjuvant therapy; however, some of these patients nevertheless experience recurrence of disease. Therefore, new and more effective prognostic markers are urgently needed in breast cancer to correctly identify those patients who need adjuvant therapy and those who do not.
TIMP-1 is one of four naturally occurring inhibitors of the MMPs, which are proteolytic enzymes capable of degrading almost every component of the extracellular matrix (10) . The MMPs are believed to play a central role in cancer cell dissemination by paving the way for metastasizing cancer cells. In this regard, one would expect high tumor tissue levels of TIMP-1 to be associated with a favorable prognosis because of the TIMP-1-mediated inhibition of cancer metastasis. Surprisingly several studies have shown that high tumor tissue levels of TIMP-1 are associated with a poor prognosis in breast cancer, and therefore tumor TIMP-1 has been suggested to be a new potential prognostic marker in this disease (3) (4) (5) (6) (7) . The unexpected association between high tumor tissue levels of TIMP-1 and a poor prognosis in breast cancer has been hypothesized to be the result of cancer-promoting func-
FIG. 1. Univariate survival analysis of DFS in plasma for all patients (A), node-negative (neg) patients (B), and low risk patients (C).
Patients are divided into four groups of equal size (Q1-Q4) according to increasing plasma TIMP-1 levels: Q1, 1-75 ng of TIMP-1/ml of plasma; Q2, 76 -88 ng of TIMP-1/ml of plasma; Q3, 89 -109 ng of TIMP-1/ml of plasma; and Q4, 110 -600 ng of TIMP-1/ml of plasma. The number of events were: for all patients: Q1, 14; Q2, 22; Q3, 15; Q4, 31; for node-negative patients: Q1, 3; Q2, 11; Q3, 9; Q4, 15; and for low risk patients: Q1, 2; Q2, 6; Q3, 7; Q4, 10.
TIMP-1 Carries Prognostic Information When Measured in Blood
tions recently demonstrated for TIMP-1, such as stimulation of proliferation and inhibition of apoptosis (11) (12) (13) (14) (15) (16) .
The use of tumor tissue in tumor marker studies, however, has been a matter of debate partly because of the heterogeneity of this material. Furthermore because of more effective diagnostic methods, tumors of still smaller size are obtained from the patients making it increasingly difficult to acquire frozen tumor tissue samples for analyses. Therefore, recent studies have been aimed at identifying new and more assessable specimens for TIMP-1 measurements. In ovarian and colon cancer, TIMP-1 has been shown to carry prognostic information when measured in blood (17, 18) . In this regard, results from a recent study including 71 patients have indicated that this could also be the case concerning breast cancer (8) . That study showed that TIMP-1 measured in serum significantly predicted the outcome of patients with primary breast cancer, especially in the node-negative group of patients.
The purpose of the present study was, in a prospective manner, to validate and investigate further the prognostic value of TIMP-1 measurements in blood. We therefore measured the total level of TIMP-1 in 519 prospectively collected plasma and corresponding serum samples obtained preoperatively from patients with primary breast cancer, and the measurements were related to the outcome of the patients. TIMP-1 was measured using an ELISA highly validated for plasma and serum measurements. In univariate survival analysis we showed that high plasma levels of TIMP-1 were significantly associated with a shorter DFS. The same was shown to be true for serum; however, the association was not statistically significant. We also performed univariate survival analysis of patients with node-negative and node-positive tumors separately. In this case, both high plasma and serum levels of TIMP-1 significantly predicted a shorter DFS in the node-negative group of patients but not in the node-positive group. Importantly TIMP-1 significantly predicted prognosis in the subgroup of patients with node-negative tumors defined as low risk patients when measured in both plasma and serum. In this material, low risk patients are women with node-negative tumors who are over the age of 35 years, have tumors below 2 cm, have tumors with malignancy grade 1, and have tumors that are hormone receptor-positive. These patients are considered at very low risk of experiencing relapse, and therefore they are offered only minimal or no adjuvant therapy following surgery. However, based on the present study it seems that by using plasma or serum TIMP-1, the   FIG. 2 . Univariate survival analysis of DFS in serum for all patients (A), node-negative (neg) patients (B), and low risk patients (C). Patients are divided into four groups of equal size (Q1-Q4) according to increasing serum TIMP-1 levels: Q1, 1-127 ng of TIMP-1/ml of serum; Q2, 128 -145 ng of TIMP-1/ml of serum; Q3, 146 -166 ng of TIMP-1/ml of serum; and Q4, 167-600 ng of TIMP-1/ml of serum. The number of events were: for all patients: Q1, 13; Q2, 20; Q3, 22; Q4, 24; for node-negative patients: Q1, 4; Q2, 7; Q3, 12; Q4, 14; and for low risk patients: Q1, 2; Q2, 4; Q3, 10; Q4, 9. low risk group of patients can be further stratified because patients with high levels of TIMP-1 have a significantly shorter DFS as compared with patients with low TIMP-1 levels. Thus, plasma or serum TIMP-1 may aid in selecting a group of patients within the low risk group that may need adjuvant treatment despite their expected favorable prognosis. Indeed this is illustrated by the present data indicating an inferior prognosis in the node-negative low risk subgroup compared with the total node-negative group. This may be explained by the fact that the low risk subgroup was left untreated, whereas the high risk node-negative subgroup received adjuvant systemic therapy.
In multivariate survival analysis of node-negative patients including all the classical prognostic parameters normally used in breast cancer, plasma TIMP-1 remained as the only prognostic factor significantly associated with prognosis when comparing patients with the lowest TIMP-1 levels with patients with low-intermediate and the highest TIMP-1 levels, ensuring that plasma TIMP-1 significantly and independently predicted prognosis in this patient material. Concerning serum, TIMP-1 remained significant in multivariate analysis when comparing patients with the lowest levels with patients with the highest levels. The fact that TIMP-1 measured in blood carries prognostic information in subgroups of nodenegative breast cancer patients is a very important finding because new and more precise prognostic markers are urgently needed in breast cancer as mentioned earlier. Especially blood-based markers would be very useful because of the accessibility of this specimen compared with tumor tissue extracts. In addition, sample collection is much easier, and the problem with tissue heterogeneity is circumvented as blood is a more homogenous material. Furthermore the possibility of taking blood samples during follow-up of patients after primary surgery allows for sequential measurements of TIMP-1 during treatment. It should also be mentioned that an advantage of using TIMP-1 measurements in prognostic evaluation is that the measurements are completely objective as opposed to parameters such as tumor grade and nodal status, which rely on the subjective determination by a pathologist.
Recently a number of preanalytical issues concerning the use of blood, especially serum, in tumor marker studies have been stressed (19 -23) . In general, levels of TIMP-1 measured in serum are higher compared with the levels in the corresponding plasma samples. This is believed to be caused by the fact that serum contains platelets, which store TIMP-1 in their ␣-granules. Upon blood coagulation these platelets are activated and disintegrated and may thus release TIMP into the sample resulting in an increase in the level of the inhibitor. Based on this, plasma has been suggested to be a better choice for TIMP-1 measurements. To investigate the usability of plasma versus serum in TIMP-1 tumor marker studies we analyzed the association between TIMP-1 measurements in the two types of specimens. We found that the TIMP-1 levels in serum were generally higher than the TIMP-1 levels determined in plasma as was expected from the above mentioned discussion. However, plasma and serum measurements correlated significantly with each other with a Pearson correlation coefficient of 0.75. Thus, based on the present study it appears that the two types of specimens carry similar informa- a Plasma TIMP-1 groups: Q1, 1-75 ng of TIMP-1/ml of plasma; Q2, 76 -88 ng of TIMP-1/ml of plasma; Q3, 89 -109 ng of TIMP-1/ml of plasma; and Q4, 110 -600 ng of TIMP-1/ml of plasma. Serum TIMP-1 groups: Q1, 1-127 ng of TIMP-1/ml of serum; Q2, 128 -145 ng of TIMP-1/ml of serum; Q3, 146 -166 ng of TIMP-1/ml of serum; and Q4, 167-600 ng of TIMP-1/ml of serum.
b Overall p value for all four TIMP-1 groups.
tion although at different overall levels, and accordingly both plasma and serum seem suitable for tumor marker studies. However, as described above, plasma TIMP-1 performed better in the survival analyses suggesting that plasma TIMP-1 is more informative as compared with serum TIMP-1.
In conclusion, tumor tissue levels of TIMP-1 have previously been recognized to carry prognostic information in primary breast cancer. The present study is to our knowledge the first large prospective study showing that this also applies to TIMP-1 measured in blood. This was especially true in the node-negative group of patients when TIMP-1 was measured in plasma even within prognostics groups (i.e. low risk) already defined by the traditional prognostic markers. The obvious advantage of the present study is the short storage time of the samples as well as few freeze/thaw cycles ensuring that no or minimal proteolytic degradation has occurred. Furthermore the highly standardized collection protocol guaranties samples of high quality and makes comparison between samples highly reasonable. However, it should be emphasized that the results should be validated when the patients have been followed throughout more years. In addition, the results should be tested in an independent patient material. Finally it is important to note that if blood is going to be used in the clinical setting important preanalytical conditions, such as for example the impact of blood sampling, handling, and storage; daily variations; and menstrual cycle on the concentration of circulating TIMPs, need to be further elucidated. Thus, future studies should be aimed at addressing these issues.
